Abstract. A general method is described whereby an intracellular macromolecule can be specifically stained with its antibody conjugated to ferritin. In this method cells or cell organelles are fixed, embedded in bovine serum albumin cross-linked with glutaraldehyde or formaldehyde, and then sectioned. This procedure preserves antigenic determinants as well as the cellular ultrastructure. The application of the ferritin-antibody conjugate to the section produces specific staining of the exposed antigen.
Ferritin-conjugated (F-C) antibodies were introduced about ten years ago as specific electron microscopic stains for macromolecules in complex biological structures.1 In the intervening years, they have been used successfully to stain a variety of extracellular antigens, as well as intracellular ones. In the latter case, the cell membranes which are ordinarily impermeable to these antibodies have been ruptured by various methods, such as freezing and thawing,2 thus allowing access to the antigen. A more generally satisfactory method for staining intracellular antigens, however, would be to apply the F-C antibodies to ultrathin sections of the embedded cells in which the antigens would be made accessible by the sectioning process (post-embedding staining3' 4). Such a procedure requires4 that the fixation and embedding not seriously alter the antibody-binding capacity of the antigen in question, and that nonspecific F-C antibody staining of the section be minimal. Unfortunately all embedding media conventionally used in electron microscopy adsorb F-C antibodies copiously and nonspecifically, presumably because of hydrophobic interactions between the embedding polymer and the antibody. A hydrophilic cross-linked polyampholyte embedding medium was therefore devised4' 5 which has been used for staining4' 6 but has not been routinely successful. We now report a simple and general method for post-embedding staining with F-C antibodies, using thin sections of cells embedded in bovine serum albumin (BSA) cross-linked with glutaraldehyde or formaldehyde,7 and illustrate the method by specific F-C antibody staining of hemoglobin inside a pigeon red blood cell, and of T4 bacteriophage inside an infected E. coli cell.
Materials and Methods. Rabbit antisera to pigeon hemoglobin, to the tailfiberless bacteriophage T4 mutant X43, and to bacteriophage T2 were the generous gifts of Drs. Lawrence Levine, William Wood, and Edwin Lennox, respectively. Ferritin (6X recrystallized, cadmium-free, from Pentex, Inc., Kankakee, Ill.) was conjugated to VOL. 65, 1970 BIOCHEMISTRY: MCLEAN AND SINGER 123 the y-globulin fractions of these antisera using toluene 2,4-diisocyanate8 and previously published procedures.3' 9 The adult pigeon red blood cells, after being washed in isotonic saline, were fixed with 0.09 M diethylmalonimidate'0' 11 in a 400 milliosmolar solution in phosphate buffer, pH 7.5, for 8 hr at 50C. The fixed cells were then washed once in saline before embedding.
Escherichia coli strain CR63 was grown in Difco Antibiotic medium no. 3. A log phase culture was infected with bacteriophage T4 at a multiplicity of about 4. Bacteriophage development was terminated by cooling the culture in an ice bath at a time when electron microscopic examination revealed that an appropriately large number of bacteriophage particles were present in the infected cells. The cells were then washed once in saline and were fixed in 1% formaldehyde in phosphate buffer, pH 7.5, containing 0.15 M NaCl for 2 hr at 50C. The cells were centrifuged and washed.
The cells to be embedded' were dispersed in 0.5 ml of a 30% solution of BSA in 0.15 M NaCl. This mixture was then concentrated by placing it in a short glass tube; one end of the tube was attached to a collodion dialysis membrane and immersed in the dehydrating agent Aquacide II (Calbiochem). When the BSA had attained the consistency of a gel, the membrane-covered end of the tube was freed of adhering Aquacide and was immersed in a solution of either 2% glutaraldehyde in phosphate-saline buffer, pH 7.5 (in the case of the pigeon red cells), or 2% formaldehyde in the same buffer (for the E. coli cells). These fixatives diffused through the gel and cross-linked the BSA in about 3 hr. The cross-linked BSA was cut into narrow strips which were washed briefly with water, drained, and dried in a desiccator above silica gel. The dried strips were then cemented onto an epoxy resin block and sectioned with a Porter Blum MT1 microtome with a diamond knife. The sections were collected on water, and were then mounted on carbon-coated formvar or collodion grids which were first treated with a 4% solution of BSA in phosphate buffer. (The BSA treatment largely eliminated nonspecific F-C antibody staining of the support film.) Staining of the sections with specific F-C antibody was carried out by placing a drop of conjugate on the mounted section. After 5 min, the grid was floated face down on a succession of phosphate buffer solutions to remove excess antibodies, was then washed with water, and dried. No other post-staining of the sections was employed in these experiments, but in others uranyl acetate or phosphotungstate has been used to increase contrast within the cell ultrastructure. The specimens were examined in a Phillips model 300 electron microscope.
Results. A typical section of a pigeon red blood cell stained with F-C antibody specific for pigeon hemoglobin is shown in Figure 1 . The cytoplasm and intranuclear cytoplasmic inclusions are specifically and heavily stained. Similar sections stained with F-C antibody specific for BSA resulted in heavy staining of the embedding medium but no staining within the cell boundaries."2 In Figures 2 and 3 are shown sections of bacteriophage T4-infected E. coli cells stained with F-C antibody specific for bacteriophage T4. The antibody is clustered over many but not all of the bacteriophage heads. The control experiment shown in Figure 4 is of sections of bacteriophage T4-infected E. coli cells treated with F-C antibody specific for bacteriophage T2. The anti-T4 antibodies that are directed to the antigen(s) on the head of the bacteriophage T4 particle do not cross-react with the head of the T2 particle.1" Accordingly, no staining is observed in Figure 4 .
Discussion. These experiments demonstrate that specific F-C antibody staining of intracellular antigens can be achieved on thin sections of cells embedded in cross-linked bovine serum albumin. The cells are first fixed with glutaraldehyde, formaldehyde, or diethylmalonimidate.'0,11 These fixatives adequately preserve the antibody-combining capacity of the protein antigens in- embedding procedure we have used is therefore well suited to the preservation of the ultrastructure and antigenic structure of the cell.
The BSA does not penetrate the cells. The internal structure of the cell is apparently preserved by the initial fixation and cross-linking of its macromolecular constituents. A variety of cells and cell orgaiielles, as well as several different kinds of tissues,'7 have been successfully embedded in cross-linked BSA; with some tissues, however, vacuolization and other artifacts have not yet been entirely eliminated.
The cross-linked BSA embedding system has many similarities to the recently introduced thiolated gelatin system.'8 It has the advantages, however, that the initial operations can be carried out at O rather than 370, and the use of dimethylsulfoxide is avoided. Whether thiolated gelatin embedding can also be successfully employed for F-C antibody staining of thin sections has not been investigated.
The primary objective of the present experiments has been limited to testing the procedure for F-C antibody staining. On the other hand, the micrographs reveal some interesting information about the two test systems which might be further investigated. For example, the results ( Fig. 1) confirm that hemoglobin is present within inclusions inside the nucleus of the avian red blood cell, a conclusion previously arrived at from chemical studies of isolated nuclei,'9 and inferred from the optical densities in electron micrographs. 20 The presence of cytoplasmic components inside cell nuclei2' has many physiological implications and could be studied in detail by this staining procedure. It may also be noted in Figures 2 and 3 that not all of the bacteriophage T4 particles in a given cell are stained with specific F-C antibody. The antibody is probably attached to the outer surface of the bacteriophage head, and it may be that the bacteriophage particles that are only lightly or not all stained have had much of their outer surface removed by sectioning. Alternatively, the antibody may be unable to penetrate completely through the cross-linked BSA to an underlying bacteriophage particle in the section. If, however, neither these nor other such staining artifacts are involved, the absence of F-C antibody staining of only some bacteriophage particles might be due to the incomplete assembly of the heads of such particles at the time when the infective cell was fixed. This observation deserves further analysis.
The postembedding F-C antibody staining procedure described in this paper, having been successfully applied to two quite different test systems, appears to be of general applicability to a wide variety of problems of interest in cell biology. Such studies are being undertaken in our laboratory.
